A novel technique for out-ofplane vibration analysis combining synchronous phasestepping with additive stroboscopic TV Holography and its implementation on a fibre optic electronic specide pattern interferometer (FOESPI) are presented. Stroboscopic pulse-to-pulse (high frequency) as well as TV frame-to.frame (low frequency) phasestepping of the reference arm are combined, with this scheme position of additive fringes is shifted yielding a series of frames (correlograms) which are then processed using conventional phase-stepping algorithms to obtain a phase•map of the vibrating object. A restriction of this technique, taking only two contrast-inverted correlograms for sequential subtraction, is also demonstrated for real4ime visibility enhancement of additive fringes.
INTRODUCTION
Television holography (TVH) has arisen in the last years as a powerful tool for whole field vibration analysis1'2.
The design of the electronic specide pattern interferometer (ESPI) has also evolved and, with the incorporation of optical fibres3, it has become an instrument rough and compact enough to be portable to industrial environments.
Timeaveraging is by far the most usual technique for qualitative modal analysis; it produces fringes with brightness related to vibration amplitude through a Bessel function which are highly immune to environmental noise of frequency lower than video frame rate. Although they can be used to obtain phase maps for measuring, phasestepping Bessel fringes involves applying optical phase modulation synchronized with object's vibration in both frequency and phase, this makes its control and automation fairly complicated5, they also must be converted to cosine fringes, with the subsequent computational cost.
Stroboscopic techniques yield cosine fringes and provide full temporal resolution within the vibration cycle, i.e., instantaneous deformation of the object can be determined. This features can be exploited to get accurate phasernaps of vibrating objects and to determine both amplitude and phase of vibration6. In single pulse subtractive stroboscopic TVH vibration is "frozen" at a fixed point of its period and compared by subtraction with object's position at rest, as a result it can be treated as a static deformation field and phasestepping is simply accomplished by changing the optical path in one of the arms between interferograms; but this technique shows very high sensitivity to low frequency mechanical noise and thermal drifts that appear as phase offset superimposed to vibration and are specially noticeable when a long series of phase-steps is taken with the same reference. On the other hand, twin pulse additive stroboscopic TVH is highly immune to either low or high frequency environmental noise because it works comparing by addition1 two "frozen" deformation states inside the same vibration cycle and hence, there is no need of taking any reference with the object at rest, making this technique specially attractive for industrial and out-of-the-lab applications; but resulting fringes have rather low visibility compared with those obtained with subtractive methods and, being insensitive to low frequency phase changes, they can not be shifted just changing optical phase between TV frames.
We present a technique that provides the means to phase-shift stroboscopic additive TVH fringes as well as to control the phase of their speckle pattern by combining synchronous and asynchronous phase modulation. Section 2.1 discloses the theory behind our technique and in section 2.2 a method for improving fringe visibility and reject speckle noise is described. Section 3 describes its implementation on a fibre optic T\'H system and shows some experimental results; two new operating modes are defined: sequential subtraction of additive correlograms for real-time visibility enhancement (3.2.1) and additive stroboscopic phase-mapping (3.2.2).
2. THEORY 2.1. Phase shifting additive stroboscopic speckle correlograms
The basic operation of an out-of-plane displacement sensitive ESPI can be outlined as follows: a laser beam is split to get an object beam and a reference beam; the object beam illuminates the object under test and light scattered from its surface is collected by a lens that forms a speckled image on the sensitive area of a TV camera.. This image of the object is then coherently combined with the reference beam to produce an interferogram. Figure 1 shows our fibre optic ESPI arrangement, where amplitude and phase modulators have been incorporated to the basic layout. Assuming unity fringe visibility and normalized intensity, the instantaneous incident intensity at an arbitrary point x=(x,y) on the face of the camera can be expressed as:
The term iLç,0(x,t) is the optical phase increment of the object arm due to the out-of-plane displacement z(x,t) of the point of the object imaged at x=(x,y). Assuming that illumination and observation are normal to the surface, Aço0(x,t)=2kz(x,t) where k=27tIA, (the wave number of light). The spatially independent term LOr(t) is an increment of the optical phase introduced in the reference arm by means of a phase modulator and 4x) is a spatially random phase term due to surface roughness.
If the surface of the object is vibrating in steady state with frequency co much higher than the video frame rate, the interferogram i(x,t) changes accordingly and its intensity is integrated by the camera during each frame period (T1) resulting in a time-averaged correlogram, 
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The interferogram can be frozen at any point of the cycle illuniinating the object with short stroboscopic pulses synchronized with its vibration, then the brightness recorded by the TV camera is proportional to its intensity and can be written as:
where a=ota is the phase delay between stroboscopic light pulses and object vibration, and comb(x) = 5(x -n) is the function "train of pulses".
In order to keep notation as concise as possible, we shall omit express references to spatial coordinates in succeeding, assuming that intensity and optical phase are functions of position; equation (3) is thus simplified to 'a = + cos(cooa
Firing two stroboscopic pulses with phases a and /1 within each vibration period, as shown in figure 2 .a, their respective interferograms will be incoherently combined on the camera yielding an additive correlogram which brightness is proportional to the sum of their intensities as given by (6). 
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Once chosen the values of a and fi, and taking into account the premise of steady state vibration, Eço0 3.fld Ixcoofi become constant for each point of the object. In particular, their semisum is also a constant that added to yi results a constant phase factor with random spatial distribution too. afi +',
Substituting (7) and dividing by 2 to normalize brightness, equation (6) can be rewriuen as follows
Looking at this expression becomes evident that the additive correlogram consists of a speckle field with its random brightness distribution determined by 'P and its contrast modulated by a function of Eço0Eço0 that is proportional to the displacement of the object between pulses. Speckle brightness distribution and contrast fringes can be shifted by means of fld rfi Changing any of these values individually should affect speckle and fringes at the same time, complicating unnecessarily the interpretation of the resulting correlogram. Consequently, in order to separate both effects, we modulate the reference arm with a rectangular shaped signal Eq(t) satisfying: one of them is a symmetrical rectangular wave of amplitude EçO inverting its sign in synchromsm with the stroboscopic pulses, and therefore synchronous with the vibration of the object, and the other is a phase offset that keeps the same value Eço for both pulses, thus being asynchronous with the vibration. This results in a modulation scheme whose implementation involves veiy simple electronic circuits as we shall discuss in section 3.
The final expression ofthe brightness distribution in the additive correlogram obtained with stroboscopic pulses in a and /3, and modulating the reference arm with the proposed wave form, is: (10) where the amplitude of the synchronous component EcOrS can be used to shift the fringes, as required for the application of either phase-stepping or phase-shifting evaluation techniques, and the asynchronous offset A(PrA controls speckle, thus allowing the implementation of sequential subtraction and speckle noise averaging techniques.
Contrast enhancement and speckle noise filtering
Additive speckle correlograms as detected by the TV camera -equation (10)-have almost constant average brightness and the variations in correlation induced by the displacement of the object appear as changes in the contrast of the speckle pattern but not in its brightness (figure 3). Moreover, speckle noise arises as a multiplicative factor and can not be filtered out without removing the signal, for that reason such correlograms are not adequate by themselves for displaying or direct processing.
The usual way to improve fringe contrast1 is to remove the DC component of brightness by high-pass filtering and then rectify the resulting signal. This technique can be implemented by direct manipulation of the video signal, without digitizing or storing correlograms, but fringes are often contaminated by electronic noise during filtering and rectification. Several methods3'7 combining additive formation with subtractive processing of the correlograms have been devised to get simultaneously good contrast and high environmental noise rejection, the basic idea is to acquire and subtract two consecutive video frames containing additive correlograms where the speckle field of the second has been either spatially decorrelated or its contrast inverted with respect to the first one.
Our technique offers two alternative solutions to invert the contrast of the correlogram. Incrementing EcOrs by r shifts correlation fringes accordingly, changing fringe maxima into minima, the resulting correlograms are Jap(rs)'+cos 2 -Lco CO5EOrA)
on the other hand, incrementing EcoTA by r has the same effect but changing speckle brightness so that bright specks become dark and vice-versa, resulting cos('P -ttq,,)
Although this subtractive correlogram (or additive/subtractive correlogram7) exhibits improved contrast, good enough for real time displaying purposes, a further step is necessary to get noise free cosine fringes suitable to be used in phase stepping algorithms. Squaring the difference of the original correlograins rather than finding their absolute value we get and using the well known trigonometric formula cos2 0 = + cos20) we can derive = i +cos(c,00 -
where speckle appears superimposed as additive noise to the cosine fringe pattern, as shown in figure 4 , and can be effectively suppressed filtering high spatial frequencies off the correlogram: The filtered correlograms generated in this way can be treated as conventional smooth interferograms in order to implement any kind of phasestepping algorithm but always bearing in mind that, due to the nature of the process, applying synchronous modulation of amplitude EOrS = -will shift the fringes by ç.
Using EOrS requires a phase modulator with high bandwidth as the synchronous component of the modulation must have the same frequency than object vibration and rectangular shape, which implies the presence of higher order hannonics. Therefore if contrast inverting is merely used for real time additive fringe enhancement, modulating asynchronously with EtcorA will be preferred but, whenever phase-stepping or shifting techniques are going to be applied, synchronous modulation by means of EcOrS is necessary.
EXPERIMENT
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Experimental setup
To test the behaviour of our new phase stepping technique we incorporated it to a fibre-optic TV holography system already in use at our laboratoiy in Vigo. Conventional static subtraction, time average sequential subtraction3, single pulse stroboscopic subtractive techniques and phase stepping algorithms were previously implemented and
Computer 2 Phase stepping
Computer I Image processing Figure 5 .-Layout of the stroboscopic TVH system therefore no modification was necessary in the ESPI but only minor changes in phase modulator driving electronics and correlogram generation software routines. Figure 5 shows the current layout of our system, once modified to accommodate the new technique. We shall detail in succeeding the singularities of each component.
The light source is a 5mW He-Ne laser modulated by a rotating disk optical chopper synchronized with object excitation. It provides two equally spaced pulses within each vibration period, having each one a duty cycle of 1:20.
The laser beam is launched with a GRIN lens into a conectorized single mode 90: 10 directional coupler (DC) that splits light into object (90%) and reference (10%) arm fibres. The object beam is guided through the object arm fibre and emerges from its cleaved end to illuminate the vibrating specimen. The reference arm fibre is wrapped around a piezoelectric cylinder (PM) that stretches it to modulate optical phase8, it also incorporates a fibre optic polarization controller9 (PC) to match reference and object beam polarization states and a variable attenuation device (VAD) to balance reference and object beam intensities, both in order to maximize speckle visibility. Finally, an image of the object formed with a zoom lens (ZL) is combined with the reference beam (expanding from the end of its fibre) by means ofa 50:50 non polarizing beam splitter (BS).
After chopping and launching only around 0.25mW remain available in the object beam and consequently the TV camera must be sensitive enough to deal with such tight conditions. We have chosen to use in our TVH system an Universal Technologies CV-252-C CCD camera which can operate with target illumination levels as low as 0.O2lux rendering a maximum signal to noise ratio better than 52dB.
Image grabbing, processing and displaying are implemented on a COMPAQ-386sx personal computer equipped with Data Translation's DT2851 "high resolution frame grabber" and DT2878-4 "frame processor" boards, interconnected through a high speed image bus (DT-Connect). The frame grabber has two 5 12x5 12x8 bit image buffers and a look-up table (LUT) processor that enables real-time operation on 4 bit images. The frame processor board is based on AT&T's DSP32C 25MFLOP digital signal processor (DSP) and boasts 4MB of RAM to store up to sixteen 512x512x8 bit images.
A second computer, equipped with a 12 bit digital to analog converter board, is entrusted to command the phase modulator. It generates two analog signals with appropriate values to drive EcOrS and OrA according with each operating mode of the ESPI. Synchronization between phase modulation and image processing is accomplished through an RS-232-C serial link running at 115200 Baud, which has proved to be fast enough for real-time.
The phase modulator driving circuit, depicted in figure 6 , has been specifically designed to generate the wave form we need for phase-shifting stroboscopic additive fringes which is described by equation (9) Doing so, the transition between both levels begins as soon as a stroboscopic pulse ends and thus the modulator has the longest attainable settling time until the next pulse starts. The voltage is finally added to to be applied together to the piezoelecthc tube.
All the sample fringe patterns and phase maps presented herein have been obtained from a 4oz. tea can, measuring 3x3x3'A inches, excited in resonance by a piezoelectric bimorph disk (PZ) stuck on its back and with its front face coated with retro-reflective tape. The object was placed --O.7 m away from both the TV camera and the output of the object arm fibre with almost normal illumination and observation directions. The figures presented were taken with white fluorescent ambient light being the irradiance at the surface of the object 9.tW/cm2 of ambient light versus 5.tW/cm2 of object beam; but, as retro-reflective tape returns the illuminating laser beam back to the ESPI head, object to ambient intensity ratio at the face of the camera is dramatically improved.
New operating modes
Two novel operating modes have been implemented in our TVH system exploiting the results of the preceding theoretical discussion: sequential subtraction of additive stroboscopic correlograms and additive stroboscopic phase-mapping.
Sequential subtraction of additive stroboscopic correlograms
In this mode subtractive correlograms as given by equation (15) are generated and displayed in real-time.
Video frames are sequentially grabbed whilst phase modulation of the reference arm is switched between L4OrA =0 afld EOrA = it to invert speclde contrast of consecutive correlograms. The last two frames are stored and the absolute value of their difference Map is calculated and displayed. Each new frame grabbed replaces the older of the two currently stored and the subtractive correlogram is refreshed.
The synchronous component of the modulation L6OrS may be used to shift fringes in real-time and observe their migration in order to solve peak-valley ambiguity.
This technique is almost a natural extension of sequential time-average subtraction (devised by Davies et al.3) and bears all its benefits -i.e., high visibility low noise fringes, background noise rejection and low requirements of SPIE Vol. 2248 / 237 cosine fringes instead of depending on amplitude like Bessel's and rejecting non synchronous environmental mechanical noise which, rather than appear as superimposed fringes, just degrades visibility. The main drawback is that exploitation of available light power is much less efficient. Figure 7 shows a comparison between the results of both techniques applied to the same vibration state ofthe object.
Additive stroboscopic phasemapping
A phase map of the displacement of the object between pulses is obtained through the well4cnown four-bucket phase-stepping algorithm'0.
Eight additive correlograms are grabbed and transferred to the DSP board to get four improved subtractive correlograms, as given by equation (18) 
and optical phase difference between pulses is evaluated at each point of the image, resulting in a phase map (23) that is transferred back to the frame grabber board for displaying and subsequent storage in non-volatile memoiy (i.e., hard disk, floppy, tape, etc.). This phase map must be interpreted according with illumination and observation geometry to be translated into a measure object displacement.
We implemented this algorithm in our system capturing 8 bit images and using: 16 bit resolution to calculate and store each subtractive correlograxn, a convolution low-pass filter with a 5x5gaussian kernel and floating point arithmetic to evaluate the arc tangent; the resulting processing time is -26 s, but it can be reduced substantially using lower resolution and performing squaring and arc tangent calculation with the help of look-up tables. Figure 8 shows a sample phase map of the vibrating tea can and the four phase-stepped correlograms i() used to compute it.
Additive stroboscopic phase-mapping does not require to take any reference correlogram of the object at rest, consequently vibration can be mapped "in flight" and the results will not be affected by thermal phase drift or
